Introduction
When tropical cyclone Tracy (hereafter 'Tracy') crossed Darwin on Christmas Day 1974 it became one of Australia's worst disasters, one that has become part of national folklore. The impact on Darwin changed people's lives, sent some down lifetime career paths, and resulted in major changes in global insurance industry practices and coastal building codes. Yet Tracy was not a unique event for Darwin, there having been a number of previous occasions in which our major northern community had suffered severely from a cyclone's passage.
Herein we discuss the historical context for Tracy compared to other major events both at Darwin and globally (Section 2). The cyclone was unique in the set of events that all had to happen for it to have such an impact (Section 3): the cyclogenesis region well to the north of Darwin has not seen such an event in 60 years and Tracy was small and moving slowly along an erratic track that just happened to bring it over Darwin along close to the worst possible path. These circumstances are described, along with a general overview of the warnings that were provided and some of the difficulties involved (Section 4). We further make the point that Tracy, as with many other similar disasters, was largely a result of inadequate preparation and response. Tropical cyclone Tracy is revisited from the perspective of its historical significance, the meteorological conditions, and its landfall impact. Tracy was one of a long line of Darwin cyclones, some of which had also left widespread damage and disruption in their wake. However, this cyclone arose from a remarkable combination of natural circumstances, which included low latitude development, small size, slow movement and a 'perfect track' past the Tiwi Islands. These combined to bring Tracy into Darwin as an intense system with an oscillatory track that could have easily missed Darwin altogether, but instead brought it along a path of maximum destruction. Although Tracy was a natural phenomenon, we suggest that its impact on Darwin was largely a 'man-made' disaster, arising from inadequate building construction and community responses. Despite all the attention that Tracy has been given, evidence is provided that there remain some important secrets in its passage over Darwin.
The resulting damage was also largely due to direct wind effects-an unusual feature as most cyclone damage and loss of life globally arises from storm surge, riverine flooding and rain-induced landslides and mud flows. The long-standing debate about the strength of the winds that accompanied Tracy is revisited in Section 5 by investigation of an hypothesis of what might have happened, backed up by a numerical study of a recent hurricane. Place names and a general map of the area are provided in Fig. 1 . Quoted winds are 10-minute mean winds at 10 m height, or peak 3-second gusts (the Bureau of Meteorology and Australian 
Tracy in an historical perspective
The settlement of Darwin The main Northern Australian community was not always located in its current position at Darwin. The first township of Port Essington was established much further east on the Cobourg Peninsula in the 1830's, following several shortlived settlements in the area (Campbell 1834, Wikipedia_Port Essington) . This settlement was demolished by a cyclone in November 1839, with a loss of twelve lives (Murphy 1984 Murphy (1984) , so only a short summary is included here. In February 1875 the ship Gothenburg, en route from Darwin to the east coast with 25 per cent of Darwin's population on board, sank off north Queensland during a cyclone, resulting in 102 deaths. While not directly impacting Darwin, this was the greatest proportional community death rate of any cyclone in Australia. It was followed in 1878 and 1882 by Darwin cyclones that brought strong winds and severe damage to many buildings. The 'Great Hurricane' of January 1897 flattened the township, decimated the pearling fleet, destroyed natural vegetation over a large area and resulted in 28 deaths; 'a night of terrifying destructiveness' and 'a gentle reminder from Providence that we are a very sinful people' (NTLib).
Severe damage was again visited on the community in 1915 and moderate damage with three deaths in 1917. In 1919 a near miss saw the Bathurst Island Mission destroyed by hurricane winds and storm surge with one death. Another intense cyclone wreaked severe damage and many deaths in March 1937, and December 1948 saw moderate damage to Darwin and severe damage on the Tiwi Islands with ten deaths. A respite for a quarter of a century was then disrupted by Tracy, with 71 deaths, 45 000 people left homeless, 90 per cent of homes demolished or badly damaged and complete local destruction of native vegetation.
Tracy was preceded two weeks earlier by cyclone Selma, which put the town under warning as it moved for a short period south eastward along a similar path. Selma brought strong winds, but no damage as it turned and moved westward before any major impact. The main outcome was considerable criticism of the warning system that may have caused a less than optimal response by Darwinians to Tracy (that it was also Christmas Eve did not help). The only cyclone to directly affect Darwin since Tracy, Max in March 1981, brought gales and minor damage, but was notable for the improved response of the local community to the associated warnings! Tracy in a global context It is of interest to place Tracy in the context of cyclones that have changed the world. We start with the pair of storms in the Sea of Japan in 1274 and 1281. These disrupted the attempted Mongol invasion of Japan under Kublai Khan (Taots 2008) . In 1281 Khan assembled a reported 4000 ships with 200 000 men for what is still the second largest invasion fleet in history (after the D-Day Invasion). The second storm destroyed 300 ships, killed over 30 000 members of the invading army, and led to the Mongols abandoning their invasion attempts. The Japanese named these typhoons the Kamikaze, or divine wind, for the manner in which their country was saved (see also Delgardo 2003 for a description of modern archaeological work at the site).
In 1789 a storm wreaked great devastation on the Indian coastal city of Coringa. A subsequent analysis of this storm, and of another in the South Indian Ocean that clearly showed a low level coiled inflow, led Henry Piddington to coin the word 'cyclone': 'I am not altogether averse to new names, but I well know how sailors, and indeed many landsmen dislike them; I suggest, however, that we might perhaps for all the class of storm systems with circular or highly curved winds adopt the term 'cyclone' from the Greek Κνκλος (which signifies, amongst other things, the coil of a snake)' (Piddington 1848).
In 1944 typhoons Cobra and Able smashed up Halsey's US fleet in the western North Pacific. The result was a loss of 790 lives, three destroyers and severe damage to eight carriers and one cruiser and the commencement of aircraft reconnaissance in the region (Nimitz 1945, Drury and Clavin 2007) . The worst loss of life on record came in 1970 when the Bhola cyclone moved over the East Pakistan delta region (now Bangladesh) with between 500 000 and one million people lost, largely as a result of the accompanying storm surge (Wikipedia_Bhola) . Tracy came along in 1974 and provided a wake-up call to the global insurance industry and the manner in which building codes were developed. Hurricane Andrew then visited Miami in 1992 and led to the near collapse of the entire global insurance industry. The Atlantic also featured in 2005 with Hurricane Katrina devastating New Orleans and becoming the poster child for the potential influences of global warming. More recently, cyclone Gonu in 2007 became the first observed category 5 hurricane in the northern Arabian Sea and Oman's worst natural disaster, and cyclone Nargis killed over 150 000 people while wreaking havoc in the Myanmar Irrawaddy Delta region. Nargis also is infamous for the sheer lack of preparation or subsequent support from the rulers of Myanmar.
What is the almost uniformly common factor amongst all of these events, both Australian and global? While they were all natural events, they were mostly man-made disasters. Each can be attributed to a number of human decisions and actions that set the scene for the disaster that eventuated. In some cases these were done in ignorance, in others the signs were simply ignored, or the decision process did not account for the historical context. Thus, both Kublai Khan and Admiral Halsey mixed with cyclones a second time, only to again be defeated. The disaster in East Pakistan was repeated in 1991 with only ~138 000 deaths and Myanmar was completely unprepared for cyclone Nargis. Darwin's rush towards development and lax building oversight set the scene for the massive destruction by Tracy (Walker 2010) . Much of the damage caused by Andrew has been attributed to lax enforcement of building standards (Fronstin and Holtmann 1994) . Katrina, especially, should have caused only minimal damage to New Orleans based on the winds that were directly experienced; the resulting disaster arose from a combination of reduction in wetlands, installation of shipping canals and levee design that led directly to the massive flooding and destruction of the city (IPET 2008).
More detail on Tracy's impact on Australian building codes is provided by Walker (2010) . The remainder of this paper will concentrate on the track, warnings and wind-field at landfall. This is based partly on the official post analysis of Tracy led by John Mottram (Bureau of Meteorology 1975) . A complementary analysis and discussion is also contained in Bureau of Meteorology (1977) .
Formation, size, intensification and track
As shown in Fig. 2 , Tracy formed at very low latitude and moved southwest for several days before recurving around the end of the Tiwi Islands and then moving along a generally southeast track. Recurvature at such low latitude is highly unusual in the region.
The formation of Tracy was associated with the onset of the summer monsoon through the Arafura Sea to the north of Darwin, so that Tracy was an onset vortex of the type more commonly associated with the commencement of the Indian summer monsoon (e.g. Krishnamurti et al. 1981 ). This development has been shown nicely through a modelling study by Davidson (2002) as summarised in Fig.  3 . The cyclone formed at the eastern edge of a weak, lowlevel westerly flow extending from the Java to the Arafura Sea, as shown by the conditions 24 h after formation in Fig. 3a . As Tracy moved towards the southwest, the monsoonal westerlies strengthened, deepened and spread eastward across the ocean region north of Australia (Davidson 2002, Fig. 3b ). During the same period, a mid-latitude trough in the upper atmosphere also extended into the deep tropics to the west of Tracy (Bureau of Meteorology 1977, Figs. 3c, d) .
As often happens with very low-latitude developments, Tracy was a small cyclone. But even by low-latitude standards Tracy was extremely small, with an eye radius of just 6 km, a belt of intense winds extending only 9 km further out, and the edge of gale force winds at around 40 km. The upper trough development in Fig. 3 was conducive both to both intensification and low-latitude recurvature. As can be seen in Fig. 3d a strong divergent outflow from Tracy developed ahead of the approaching upper-level trough. (a) (b)
This pattern has long been used as a forecast indicator of intensification (e.g. McRae 1956 ) and was shown by Holland (1984) to be a distinctive feature of intensifying cyclones in the Australian region. The changing flow regime steered Tracy on the curving track around the Tiwi Islands and then on a south-eastward path towards Darwin. The detailed track for Tracy in Fig.  2 brings out another important feature in that a quite distinctive oscillation of the centre was observed around the mean track. The amplitude of this oscillation was close to the eye diameter and the period ~6 h. Such small scale oscillatory motion is often observed in intense hurricanes and is sometimes referred to as a trochoidal oscillation after Yeh (1950) and Kuo (1969) . However, their suggestion that it arose from aerodynamic forces acting on the spinning vortex is not a valid physical process for a tropical cyclone (Holland and Lander 1993) . Holland and Lander also concluded that an inertial oscillation was not possible (Syono 1955) as the rotation was cyclonic in nature (inertial loops must be anticyclonic). There was no firm evidence of any strong tilting of the vortex with height, which causes the upper and lower centres to rotate around each other (Wu and Emanuel 1993) , although the presence of the upper-level trough could have induced sufficient tilt to make this happen. A further possibility is the n=1 instability mechanism (Nolan and Montgomery 2000; Nolan et al. 2001) . They showed that an internal instability arising from the cyclone forming a ring of maximum vorticity surrounding a low-vorticity centre can result in a track oscillation similar to that observed in Tracy.
The presence of such a vortex ring cannot be determined from available observations. However, one negative aspect is that the instability should lead to a mixing of vorticity inwards to fill the vortex core. This will lead to decay of the instability and the track oscillation, however Tracy maintained the track oscillation through much of its lifetime.
The most likely explanation was an adjustment to transient convective asymmetries (Willoughby et al. 1984 ). This concurs with personal observations by the author of the Darwin radar during the approach of Tracy; one could see a distinctive echo inside the main eye wall (shown in Fig.  4 ), which formed half of an internal eye wall and oscillated back and forth. A major rainband also nearly completely encircled the eye and was close to being a tertiary eye wall. Further evidence for the convective asymmetries was that the eye also occasionally distorted into a slightly elliptical configuration that rotated in sync with the track oscillation as Tracy approached Darwin (Fig. 5) . A full movie of the radar images for Tracy may be found on YouTube.
Figure 5 also clearly indicates Darwin could easily have been spared. Because of its small size, Tracy's track oscillation had a marked effect on where the destructive winds occurred. Had Tracy been going through a different oscillation phase at landfall, Darwin, and especially the Northern Suburbs, could have been spared much of the seriously damaging winds. In addition, Tracy's small size would normally mean it passed by quickly; unfortunately, Tracy was also moving very slowly. Thus the damaging winds remained for many hours, allowing time for effects such as engineering fatigue and debris damage to take a serious toll.
Thus an unusual combination of circumstances brought Tracy to Darwin on Christmas Eve 1974:
• Tracy formed at a very low latitude; for the 37 year period from 1970-2006, less than one year in three experiences a formation equatorward of 10°S in the Arafura Sea and only one other cyclone has been observed to form within 200 km of where Tracy formed; • The timing of the development of the monsoonal flow and arrival of the upper level trough allowed Tracy to first move westward and then recurve around the edge of the Tiwi Islands, thus ensuring no disruption to its structure or intensity;
• The combination of warm oceanic conditions, lack of vertical wind shear, and enhanced outflow aloft aided intensification;
• Tracy was a very small cyclone and also was oscillating about its mean track, so that a small track change, or different oscillation phase could have prevented much of the damage to Darwin; • The slow movement of Tracy across Darwin ensured maximum time for the intense winds to wreak their havoc.
It was Darwin's turn to be unlucky.
Official warnings
The forecasts for Tracy were quite good, with lower than average forecast errors for cyclones in the 1970s. The first cyclone formation alert was issued at 1600 on 21 December (all times are Australian Central Standard Time, place locations are provided in Fig. 1 and a full list of warnings The term 'Flash Cyclone Warning' is issued at the first warning message to alert communities to the changing danger level. This was followed by many similar warnings at approximately 3-h intervals, each updating the cyclone information and the changing level of risk to communities as Tracy intensified and moved westward. As Tracy passed by Cape Fourcroy, the Automated Weather Station there operated by the Bureau of Meteorology recorded hurricane-force winds of 120 kph (Bureau of Meteorology 1977), leaving no doubt as to the intensity. However, now a difficult decision was required in the Warning Centre: would Tracy recurve? When? And what would be the new track? The decision was complicated by the inherent track oscillation, which was at a phase that temporarily turned the centre away from recurvature (Fig.  2) . In the end, Tracy made a sharp turn to the southeast as the steering and oscillation came into synchronisation (Fig. 2) and the first explicit warning for Darwin was issued at 1230 on 24 December: 'At 12 noon CST severe tropical cyclone Tracy was centred 110 km WNW of Darwin and is now moving slowly SE closer to Darwin. The centre is expected to cross the coast between Grose Island and the Vernons tomorrow morning. Very destructive winds of 120 km/h with gusts to 150 km/h have been reported near the centre and are expected in the Darwin area tonight and tomorrow.'
Tracy was on a course of direct impact on Darwin.
Tracy's landfall at Darwin
When a cyclone makes landfall, the resulting death and destruction arise largely from the primary and secondary effects of rainfall and winds. Some collateral damage and occasional deaths also can occur from the societal response to the impending threat.
Heavy rainfall in the rainbands and the cyclone core can result in river and estuarine flooding and destabilisation of local terrain leading to land slips. Such impacts are particularly strong in mountainous areas, where the terrain can focus and anchor rainfall. The result can range from both severe and flash flooding to major landslides as rain soaked slopes give away. For example, massive landslips and flooding resulting from Tropical Storm Mitch interacting with the mountainous terrain of Honduras and Nicaragua led to entire villages being swept away with a death toll of over 10 500 (a record for the Atlantic region). Two thousand fatalities occurred in villages on the slopes of the Casitas Volcano, for which an entire flank failed releasing a flood of lahars (liquid mud) that obliterated roads, villages, even sewage systems. The winds interact with the ocean to produce massive waves, and drive the ocean ashore to develop a storm surge that can exceed the height of a three story building. Historically, such storm surge has been the major destructive element in hurricanes world-wide. For example, the bulk of the death and destruction in the previously described Bhola cyclone, hurricane Katrina and cyclone Nargis was a direct result of storm surge.
The combination of flat topography, a location that is used to heavy rainfall, the small size of Tracy, and good luck meant that rainfall, flooding, and storm surge were not major contributors to the deaths and destruction at Darwin. There was a storm surge of up to 4 m reported, but not fully documented, but this occurred in a neap tide and near coastal cliffs (Bureau of Meteorology 1977). The exposed northern suburbs were thus largely spared significant surge effects (Bureau of Meteorology 1975; 1977) . Rather, around 50-60 per cent of the houses in Darwin were destroyed by winds and almost none escaped damage (Walker 2010) . Thus Tracy at Darwin joins Andrew at Miami as one of those relatively rare occasions where the major cyclone impact arose directly from winds.
Approaching Darwin
Tracy was already at hurricane strength as it hovered off Cape Fourcroy and began to move towards Darwin, with estimated central pressure around 970 hPa and maximum winds exceeding 30 ms -1
. It continued to intensify on approach and reached maximum intensity near Darwin, with an officially estimated central pressure of 950 hPa and maximum wind gusts around 65-70 ms -1 (more on the maximum intensity later). The following discussion draws on a reconstruction of the likely winds during the approach and passage of Tracy over Darwin by Harper (2010) . The pressure and wind traces at Darwin Airport are shown in Fig. 6 and a post-analysis of the estimated maximum gusts experienced across the region is shown in Fig. 7 .
The winds at Darwin built up rapidly after 1900 on Christmas Eve as Tracy moved past Charles Point and towards the city (Fig. 5) . Maximum recorded gusts at the airport were around 60 ms -1 when the anemometer was destroyed just after 3 am. The official estimate of maximum wind gusts of 60-65 ms -1 have been hampered by the lack of a full wind record. Ancillary evidence has resulted in much debate about what the actual maximum winds were, a debate that has not been resolved even today. We shall return to this debate later, but first let us consider the conditions that A phone call to the operators at Radio Australia on Charles Point on Christmas Eve presaged Darwin's future. They were in serious trouble with water flooding the building and doors being blown in. The reconstruction of the maximum gusts in Fig. 7 indicated that the Radio Australia community experienced gusts exceeding 85 ms -1 during the passage of Tracy; at this time the wind gusts at Darwin, just 25 km away, were no more than 25 ms -1
. Working from the post analysis in Fig. 7 , the maximum gusts experienced on land were possibly in excess of 90 ms -1 on the north-eastern side of Cox's Peninsula. At Darwin, the winds passed gale force around midnight, being earlier in coastal regions, and the eye arrived onshore just after 0300.
The case for higher than analysed winds
The post-analysis estimates (Fig. 7) indicated that the strongest gusts of 70-80 ms -1 occurred on East Point and the northern suburbs around Nightcliff (Fig. 1) , both being vulnerable peninsulas. Downtown Darwin and much of the rest of the town were assessed at 60-70 ms -1 maximum gusts. The estimated maximum gust at the airport of ~65 ms -1 is close to the value of 60 ms -1 observed at the airport anemometer before it was destroyed (Fig. 6b) . But the maximum experienced on the coastal suburbs is assessed to be substantially higher than the official maximum of ~65 ms -1 . But does the analysis that underlies these estimates (both the original Bureau assessment and that in Fig. 7 ) contain all of the physical processes? Leaving aside highly localised effects such as the airflow around buildings, it is still debatable that we have arrived at the best possible assessment. We consider this further with a discussion of eye-witness accounts and observations and modelling from other cyclones.
Post-cyclone interviews had many people describing the noise of the storm, and especially the sound and rapidity of the second wind as it rushed back after the eye (e.g. ABC 2004). This onset of winds was widely described as happening extremely rapidly, with words such as 'like a jet plane', 'rapid onset of winds', 'sounded like a freight train coming', 'backside of eye slammed into us', 'picked up in seconds', 'insufficient time to take cover'. It was often described as worse after the eye than before, and this was my highly subjective impression, though the actual eye was never experienced in downtown Darwin. This could be partially, but not totally, attributed to changing fetches from land to sea.
Let us consider the possible explanations for these observations. They include Tracy having an extremely tight wind gradient as the eye passed, a shrinking eye, eye-wall vortices and some form of wind burst into the eye.
Tracy was moving at 2-3 ms -1 with a radius of maximum winds of around 7 km. If we assume a gradient of 50 ms -1 in just 2 km, which is physically unlikely, then it would take 10-15 minutes for the winds to return to their maximum value. Thus a regular transition of the cyclone cannot explain the eye-witness reports of a sharp onset of intense winds. The eye of Tracy also shrank during passage onshore (Fig. 8) , but a steadily shrinking eye also cannot be invoked to explain the rapidity of the return-wind onset.
We suggest that a clue to what may have been happened may be found in the evolution of Tracy's eye structure as it crossed the coast and moved inland. As indicated in Fig.  8 , the eye experienced substantial distortion on crossing the coast, with what appeared to be an inward fold on the southeastern flank. This was followed within 30 minutes by a reformation of a much smaller eye, which subsequently filled gradually as it moved inland. This observation leads us to an hypothesised process of vortex breakdown that can describe both the observations in Fig. 8 and the eyewitness accounts.
The evolution of the eye in Fig. 8 , can be explained by the rapid breakdown of the initial cyclone vortex and its reformation as a smaller vortex, as shown in Fig. 9 . We hypothesise that as Tracy approached Darwin deformation arising from the land-sea frictional difference led to a rapid distortion of the vortex (Fig. 9a) . The distorted vortex folds in on itself, with penetrating wind jet moving in from the maximum wind region. Assuming this jet moves along a potential temperature surface, higher-level air will subside towards the vortex centre, bringing frictionally unmodified winds to the surface. By subsiding from immediately above the frictionally-slowed air near the surface, such winds could be up twenty per cent higher than previous experienced maximum surface winds and this agrees with . The wind onset will occur as the leading edge of a jet, similar to a thunderstorm microburst, with very little notice or time to respond. This is consistent with the eye witness accounts of rapid onset. Eye wall vortices are now known to be a common feature of intense tropical cyclones (e.g. Kossin and Schubert 2001) , and are responsible for enhanced mixing of vorticity into the eye and related weakening of the primary cyclone vortex. If we make the reasonable assumption that Tracy consisted of a narrow ring of potential vorticity near the maximum wind radius with a substantial drop into the eye (similar to that in Fig. 9b ), then Hendricks et al. (2009) have shown that the likely end result of the associated internal instabilities is either quasi-stable mesovortices or the reformation of a smaller monopole vortex. Given the massive wave number one distortion caused by the coast, reformation is the more likely option.
This phenomenon is the subject of another study and will not be reported in detail here. However, it is of interest to note that a high resolution simulation of hurricane Dean approaching the Yucatan Peninsula in the North Atlantic produced a similar feature (Figs 9b and c) . As the hurricane approached the coast, a high-speed jet of air developed at its leading edge (Fig. 9b) , which then folded into the vortex centre (Fig. 9c) . The vortex subsequently returned to a smaller symmetric shape (not shown), similar to that for Tracy in Fig. 8 . It is also of note that produced a detailed surface damage analysis of this process for hurricane Celia crossing the Texas coast near Corpus Christi (Fig. 10) . His interpretation of this being due to a downburst origination near the original maximum wind region is consistent with our hypothesised process.
Summary
Even after the passage of 35 years, Tracy stands as one of the great Australian disasters. It has gained an indelible place in our national folklore, changed people's lives, and resulted in a complete change in insurance approaches to natural disasters together with the establishment of a set of world-leading Australian building codes. Here we have shown that Tracy was not unique, but was one of a long line of major storms that have impacted our major settlement in the far north. Tracy was, however, somewhat of a perfect storm in that a combination of rare low-latitude formation and recurvature, a slow meandering track and excellent intensification conditions brought it on a path of maximum destruction into Darwin. The storm was well forecast (above average for the era), but an earlier false alarm of cyclone Selma, Christmas eve, an overall laissez-faire attitude, plus poor adherence to what were at best barely adequate building codes set the scene for a major national disaster. Tracy was thus more a man-made disaster than a purely natural one.
Post analysis of the potential maximum winds indicates that parts of Cox's Peninsula may have experienced winds in excess of 90 ms -1 . The strongest winds in Darwin were likely around 70-80 ms -1 across the Nightcliff and East Point regions. Despite the passage of time, questions remain on the actual strength of the winds. Here we have presented an hypothesis that the eye may have undergone marked distortion and a transient collapse at landfall, before reforming into a smaller, symmetric shape. Evidence has been presented that in this case, the unobserved winds following the passage of the eye may have been substantially stronger than those indicted above, by up to twenty per cent. This process will be reported in detail in a later study.
